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ABSTRACT: In the north Irish Sea basin (ISB), sedimentary successions constrained by AMS
14C dates obtained from marine microfaunas record three major palaeoenvironmental shifts
during the last deglacial cycle. (i) Marine muds (Cooley Point Interstadial) dated to between
16.7 and 14.7 14C kyr BP record a major deglaciation of the ISB following the Late Glacial
Maximum (LGM). (ii) Terminal outwash and ice-contact landforms (Killard Point Stadial) were
deposited during an extensive ice readvance, which occurred after 14.7 14C kyr BP and reached
a maximum extent at ca.14 14C kyr BP. At this time the lowlands surrounding the north ISB
were drumlinised. Coeval flowlines reconstructed from these bedforms end at prominent moraines
(Killard Point, Bride, St Bees) and indicate contemporaneity of drumlinisation from separate ice
dispersal centres, substrate erosion by fast ice flow, and subglacial sediment transfer to ice-sheet
margins. In north central Ireland bed reorganisation associated with this fast ice-flow phase
involved overprinting and drumlinisation of earlier transverse ridges (Rogen-type moraines) by
headward erosion along ice streams that exited through tidewater ice margins. This is the first
direct terrestrial evidence that the British Ice Sheet (BIS) participated in Heinrich event 1 (H1).
(iii) Regional mud drapes, directly overlying drumlins, record high relative sea-level (RSL) with
stagnation zone retreat after 13.7 14C kyr BP (Rough Island Interstadial).
Elsewhere in lowland areas of northern Britain ice-marginal sediments and morainic belts
record millennial-scale oscillations of the BIS, which post-date the LGM advance on to the
continental shelf, and pre-date the Loch Lomond Stadial (Younger Dryas) advance in the
highlands of western Scotland (ca. 11–10 14C kyr BP).
In western, northwestern and northern Ireland, Killard Point Stadial (H1) ice limits are
reconstructed from ice-flow lines that are coeval with those in the north ISB and end at
prominent moraines. On the Scottish continental shelf possible H1-age ice limits are reconstructed
from dated marine muds and associated ice marginal moraines. It is argued that the last major
offshore ice expansion from the Scottish mountains post-dated ca. 15 14C kyr BP and is therefore
part of the H1 event. In eastern England the stratigraphic significance of the Dimlington silts is
re-evaluated because evidence shows that there was only one major ice oscillation post-dating
ca.18 14C kyr BP in these lowlands.
In a wider context the sequence of deglacial events in the ISB (widespread deglaciation of
southern part of the BIS ! major readvance during H1 ! ice sheet collapse) is similar to
records of ice sheet variability from the southern margins of the Laurentide Ice Sheet (LIS). Well-
dated ice-marginal records, however, show that during the Killard Point readvance the BIS was
at its maximum position when retreat of the LIS was well underway. This phasing relationship
supports the idea that the BIS readvance was a response to North Atlantic cooling induced by
collapse of the LIS. Ó 1998 John Wiley & Sons, Ltd.
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Introduction
Data from Greenland ice-cores and North Atlantic marine-
cores indicate that the last deglacial cycle (ca. 21–13 14C
* Correspondence to: Marshall McCabe, School of Environmental Science,
University of Ulster, Coleraine, County Londonderry, BT52 1SA, Northern
Ireland
kyr BP) was interrupted by millennial-scale climate shifts
(Dansgaard et al., 1993; Bond and Lotti, 1995). Ice sheet
variability in northwestern Europe, however, is not well
documented from direct terrestrial field evidence, which
should be present along emergent continental margins of
the climatically sensitive northeastern Atlantic (McCabe and
Clark, 1998).
At the Last Glacial Maximum (LGM; ca. 21 14C kyr BP)
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the British Ice Sheet (BIS) comprised a number of inland
dispersion centres from which ice flowed on to the continen-
tal shelf (Bowen et al., 1986) (Fig. 1). Morainic belts and
subglacial directional indicators show that, following the
LGM, ice retreated towards separate dispersion centres
located mainly in northern Britain (i.e. north central Ireland,
Scottish Highlands, Southern Uplands, Pennines). Field evi-
dence on coastal lowlands supports the hypothesis that sig-
nificant BIS oscillations occurred during the last deglacial
cycle (Trotter, 1929; Synge, 1969; Rose, 1985; Hall and
Jarvis, 1989; Eyles et al., 1994; McCabe, 1996; Benn, 1997;
Peacock, 1997). Although a crude ice-sheet rhythmicity
(cycle of ice advance–retreat phases) can be identified from
sedimentary and morphological records (McCabe, 1996;
Knight et al., 1997), the phasing relations between BIS varia-
bility and that of other ice sheets in the amphi-North Atlan-
tic, however, have not been established. Therefore it is
difficult to evaluate links between records of glacial activity
in Britain and the role of amphi-North Atlantic–interhemi-
spheric connections of the ice–ocean–atmosphere system
(Broecker and Denton, 1989).
The main thrust of this paper is to present AMS 14C dates
integrated with stratigraphic evidence that constrain the age
and anatomy of a major ice sheet readvance over the north
central lowlands of Ireland and into the northern Irish Sea
Basin (ISB; Fig. 1 and Table 1). This prominent readvance
of part of the BIS at ca. 14 14C kyr BP provides the first
Figure 1 Ice flows and ice limits during the Killard Point Stadial in the northern Irish Sea basin. Inset shows generalised ice flows at the
Late Glacial Maximum (LGM).
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evidence that the BIS participated in H1-linked ice-sheet
activity. Assessment of regional palaeoenvironmental
changes during the last deglacial cycle is based on data
from positions of ice-sheet limits, the imprint of subglacial
bedforms onshore, biostratigraphy of marine mud facies,
AMS 14C dating of marine microfaunas, and trends in relative
sea-level (RSL; Fig. 2). Published stratigraphic and dating
evidence for ice-sheet variability is then used to assess the
limits and geomorphological impact of the H1 readvance,
first in Ireland and then in other coastal zones around
northern Britain.
Methods and stratigraphic summary from
the northwestern margins of the ISB
Fossiliferous marine muds from five sites along the coast of
eastern Ireland are identified from three critical levels within
the deglacial stratigraphy (Stephens, 1963; McCabe, 1986,
1996). These data are summarised in Fig. 2 together with
the results of AMS 14C dates obtained from monospecific
samples of the foraminifer Elphidium clavatum contained in
these mud beds. The AMS 14C dates (Table 1) together with
lithostratigraphy provide a coherent time-frame for assessing
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Table 1 AMS 14C ages from the Irish Sea Basin.
Locality/description/comments Laboratory d 13C Radiocarbon agea
number (yr BP 6 1 s)
Rough Island: samples from marine mud draping drumlins. AA 21822 22.089 12 740 6 95
Dates marine transgression after ice sheet collapse
Killard Point: samples from marine mud interbedded in AA 22820 22.607 13 785 6 115
outwash from the Killard Point moraine. Dates ice sheet AA 22821 22.702 13 955 6 105
readvance
Cranfield Point: samples from interstadial mud below AA 21818 22.097 14 705 6 130
outwash from the Carlingford Bay ice lobe. Dates ice-free AA 21819 21.407 15 605 6 140
interval prior to readvance
Cooley Point: samples from interstadial mud below AA 17693 22.4 15 020 6 110
outwash from the Dundalk Bay ice lobe. Records ice-free AA 17694 22.5 15 390 6 110
interval prior to readvance AA 17695 22.5 15 400 6 140
Kilkeel: samples from interstadial mud below outwash AA 22351 22.019 16 760 6 130
from the Carlingford Bay ice lobe. Dates ice-free interval AA 22352 22.375 16 750 6 160
prior to readvance
aAMS 14C ages from monospecific samples of Elphidium clavatum in marine muds. Samples corrected for assumed 400 y
difference between surface-water carbon and atmospheric carbon.
Figure 2 Cartoon of the glacigenic system operating during the Killard Point Stadial in the northern Irish Sea basin showing the
relationships between subglacial bedforms, dated marine muds, lithostratigraphy, relative sea-level and terminal outwash.
major palaeoenvironmental changes during the final deglaci-
ation of coastal margins of the ISB. Major palaeoenvironmen-
tal shifts include (i) widespread deglaciation of coastal zones
(Cooley Point Interstadial, $ 16.7–14.7 14C kyr BP), (ii) ice
advance into the northern ISB with drumlinisation of adjac-
ent lowlands (Killard Point Stadial, after 14.7 14C kyr BP
and maximum ice position at 14.0 14C kyr BP), and (iii) rapid
deglaciation with stagnation zone retreat (Rough Island Inter-
stadial, after 13.7 14C kyr BP) (Fig. 2). The AMS 14C dates
show that the Killard Point Stadial is part of the H1 event
and provides the first direct terrestrial evidence of BIS partici-
pation in H1.
The microfaunas in these mud beds are all remarkably
similar as they are dominated by E. clavatum (85–95%) and
the ostracod Roundstonia globulifera (5–10%), which shows
intact instars (McCabe and Haynes, 1996). The vast majority
(. 95%) of foraminifer specimens show pristine, glossy pres-
ervation and a range of test sizes with no sign of reworked
temperate forms. This faunal assemblage is therefore compo-
sitionally distinct from other derived and mixed assemblages
found in meltwater mud drapes around the ISB, which were
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reworked along subglacial feeder channels (e.g. Austin and
McCarroll, 1992; McCarroll and Harris, 1992). Because the
eastern Ireland mud beds are undeformed with a marked
regional distribution and occur above, below and within
deglacial facies we conclude that they provide unequivocal
evidence for shallow water, glaciomarine deposition around
the margins of the retreating ice masses in the northwestern
ISB (Haynes et al., 1995).
Opportunistic biocoenoses similar to that in the deglacial
stratigraphy of the northwestern ISB have been recorded
from contemporary Arctic–subarctic areas recently vacated
by tidewater glaciers. Hald et al. (1994) found that the
present distribution of E. clavatum corresponds to cold (0.5
to 1.8° C), turbid and shallow waters of variable salinities
(|33‰) and high sedimentation rates. In addition, on the
basis of its present environmental controls, these authors
suggest that E. clavatum recovered from marine cores (ca.
70% of total microfauna) on the Svalbard–Barents Sea margin
is diagnostic of a marked meltwater event between 14 and
13 14C kyr BP. The marked d16O peak in the foraminifer
tests is interpreted as a major meltwater pulse from the
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Barents Sea and Fennoscandian ice sheets, confirming the
view of Vilks (1981) that assemblages dominated by E.
clavatum are typical of the cold, diluted waters produced
by the melting of large ice sheets.
Ice limits along the northwestern margins
of the Irish Sea Basin
The outer limit (130 km long) of the last southeasterly ice-
sheet advance from the north Irish lowlands is marked by
a prominent (1–3 km wide) terminal zone of ice-contact
facies and landforms (Fig. 3) (Stephens and McCabe, 1977).
This ice limit is represented by ridges and hummocks
between Killard Point and Ardglass, and outwash spreads
and ridges flanking the outer margins of Carlingford Bay and
Dundalk Bay (Fig. 3) (McCabe et al., 1984, 1987; McCabe,
1986). Contemporaneity between these ice limits is shown
by the presence of raised late-glacial shoreface facies found
only immediately outside these ice limits (Eyles and McCabe,
1989; Haynes et al., 1995).
Drumlins and subglacially streamlined ridges occur to
within 1–6 km of the ice-contact terminal zone (Fig. 3).
Colinear ice-flow lines reconstructed from these bedforms
indicate contemporaneity of drumlinisation (fast ice flow,
subglacial sediment streamlining, and sediment transfer to
ice margins) and terminal moraine building. Regionally,
drumlinisation occurred along a series of curved flow paths
that ended in prominent marine embayments (Fig. 3). These
flow paths are identified morphologically as funnel shaped
sectors that extend inland into and across a prominent
northeast to southwest zone of transverse subglacial ridges
(Fig. 4A). The northwest–southeast drumlinised grain there-
fore overprints and moulds the earlier transverse ridges,
which are similar morphologically to Rogen moraines (Fig.
3). The general absence of streamlining and bed reorganis-
ation within the main zone of pristine (unmodified) Rogen
moraine inland, and the convergence of colinear ice-flow
lines into Dundalk Bay, suggest that this drumlinising flow
stage occurred by headward erosion of ice streams
northwestwards into the Rogen moraine (Fig. 3).
Deglacial facies along the northwestern
margin of the Irish Sea Basin
During the LGM the ISB was occupied by a southward-
moving ice stream fed from centres of ice dispersion on
adjacent land masses (Fig. 1). On basin margins deglaciation
patterns are shown by offlapping ridges/hummocky moraines
and morainal banks that record rapid northward ice evacu-
ation of the basin enhanced by tidewater calving (Eyles and
McCabe, 1989). Along northwestern basin margins, facies
successions from five critical exposures document three main
events within the deglacial stratigraphy (Fig. 3). The facies
successions that underpin these events will be described
according to the dated stratigraphy from each site, and
related to evidence for ice-sheet variability on the basin mar-
gins.
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Kilkeel–Derryoge
Between Kilkeel and Derryoge three main facies are exposed
in a coastal section 2 km long (Fig. 5A–D). Immediately
above present beach level variably stratified diamict (, 8 m
thick) comprises matrix-supported, texturally variable, flat-
lying stacked diamict beds, which are interbedded with
gravelly lenses and sandy–muddy laminae. Discontinuous
cobble and boulder lags (, 4 m long) are common. Clasts
up to boulder size are dispersed and may deform underlying
diamict beds. Clast upper surfaces are often draped by
parallel-laminated (millimetre to centimetre scale) silt and
sand.
Graded, interbedded and planar to channelised contacts
indicate that the sediment pile accumulated with only minor
sequence breaks. Rapid vertical changes in texture and close
association with a range of flow structures suggests that the
diamict was deposited by a combination of subaqueous
processes, including suspension fall-out, mass flows, traction
current activity, ice-rafting and winnowing (McCabe, 1986).
Variability in clast lithology and a dominance (| 60%) of
glacially facetted types within the diamict record glacigenic
input from ice masses located in the ISB, in the Mourne
Mountains, and at the mouth of Carlingford Lough (Fig.
5C). Distinct sediment inputs from these different geological
provinces suggest that sediment filled a depressed basin on
the Mourne Plain as ice decayed generally northwards from
the Irish Sea (Fig. 5C). During this deglacial phase the
topographic barrier of the Mourne Mountains influenced ice
supply and movement from the north and forced ice-sheet
configuration into three separate ice-margin positions (Fig.
5B and C) (McCabe, 1986). This deglacial stage was there-
fore marked by the release and resedimentation of large
volumes of heterogeneous debris into a subaqueous setting.
Regional evidence from morainal banks that are contempor-
aneous with late-glacial raised beaches indicates that the
deglacial successions of stratified diamict are best explained
by rapid tidewater evacuation of the basin (Eyles and
McCabe, 1989).
Channels (100–200 m wide) incised into the uppermost
parts of the diamict facies are infilled with rhythmically
bedded muds (, 7 m thick) containing isolated cobbles.
Along some channel flanks intraformational soft-sediment
slump structures testify to high sedimentation rates and a
low-strength, dominantly muddy substrate (Lowe, 1976).
Some horizontally bedded and undeformed sand–mud coup-
lets are similar to interlaminated glaciomarine sediments
(cyclopels) described by Mackiewicz et al. (1984) and result
from interactions between overflows/underflows and oscillat-
ory bottom currents. Detailed measurements of these coup-
lets reveal an upward decrease in bed thickness and in
sand/mud ratios, which reflect increasing distance from the
sediment input point, coupled to a decrease in direct
meltwater activity and, by inference, local ice volumes
(McCabe, 1986). The marked absence of coarse-grained
detritus in the mud indicates that the ice margins had
retreated north of the Mourne Plain margins (Fig. 5C).
Both diamict and mud facies are truncated abruptly by a
horizontal erosional surface, which is marked by a lag of
cobbles and boulders one clast thick. The overlying low-
angle cross stratified sand and gravel forms part of an exten-
sive (ca. 18 km long) late-glacial raised beach system (up to
31 m a.s.l.) along this coastal sector (Stephens and
McCabe, 1977).
The overall facies succession (diamict apron ! mud-filled
channels ! emergent beach) can be interpreted in terms of
deposition from rapidly retreating tidewater glaciers followed
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Figure 3 Field evidence for the glacigenic system operating during the Killard Point Stadial in the northwestern Irish Sea basin. The stratigraphic position of dated marine mud beds is also shown in relation
to Killard Point Stadial ice limits.
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Figure 4 (A) Satellite image of flow-transverse (NE–SW) subglacial ridges (Rogen moraines), Cavan (C), north central Ireland. Ice flow from
the northwest; grid squares are 10 km wide. The transverse ridges are overprinted and moulded by ice flows moving southwards during the
Killard Point Stadial. (B) Satellite image of flow-transverse, subglacial ridges (Rogen moraines) near Strokestown (S), County Roscommon,
central Ireland. Grid squares are 10 km wide. These ridges are overprinted by drumlins and flutes cut during the Killard Point Stadial by
ice moving to the west.
Ó 1998 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 13(6) 549–568 (1998)
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Figure 5 Deglacial patterns, ice limits and stratigraphy in south County Down, Northern Ireland. (A) Location of study area in Northern
Ireland. (B) Killard Point Stadial ice limits, ice flows and position of ice lobes, eastern Ireland. (C) Moraines and ice limits at the margin of
the Carlingford ice lobe and location of sites referred to in text. Note the topographic influence of the Mourne Mountains on sequential
positions (1–3) of the ice sheet margins. (D) Generalised geometry of deglacial succession exposed along the Derryoge–Kilkeel coast and
location of the site used to date the interstadial marine muds.
by glacioisostatic emergence. Because the deeply incised
channels in the diamict pass below present sea-level they
record a lowstand in RSL during the overall deglacial cycle,
which was characterised mainly by high RSLs (McCabe,
1996, 1997).
Cranfield Point
At Cranfield Point (Fig. 5C) marine muds (1.5 m thick) com-
prise millimetre-scale fine-sand–mud couplets. These rhyth-
mically bedded sediments are similar to those at Kilkeel,
although massive mud beds (centimetre scale) within this
facies are more common and isolated clasts are rare. The
Ó 1998 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 13(6) 549–568 (1998)
upper surface of the mud is planar and overlain by more
than 4 m of crudely bedded diamict composed of angular
and glacially facetted clasts set in a granule to pebble matrix.
Discontinuous and very irregular bed contacts are marked
mainly by abrupt changes in sediment texture. Clasts, parti-
cularly of boulder size, are arranged chaotically with ab
planes plunging at variable angles (0–90 ° ). These character-
istics suggest that the diamict was deposited by mass flows
(Lowe, 1982).
The diamict forms part of the Cranfield Point moraine,
which fronted a regional southeastwards ice readvance from
the Irish lowlands into Carlingford Lough (Fig. 5B) (McCabe
et al., 1992). Arcuate moraine ridges (ca. 30 m high) define
former ice margins on both sides of Carlingford Lough (Fig.
5B). Steep ice-contact slopes face westwards towards the
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former ice tongue depression; outer (distal) slopes grade
eastwards into spreads of thinly bedded (centimetre scale),
coarse sandy diamict around Sandpiper (Fig. 5C). This diam-
ict facies contains a wide range of clast sizes (pebbles to
boulders) many of which deform underlying beds and are
draped by sandy laminae.
The association of thin sandy beds with outsized clasts
can be related to deposition from quasi-continuous sandy
underflows and ice rafting from a grounded ice margin
immediately to the west of Sandpiper (McCabe et al., 1992).
Marine conditions at the ice margin are confirmed by the
presence of raised late-glacial beach deposits and erosional
notches immediately outside the Cranfield ice limit but not
within the ice tongue depression, which was occupied by
the grounded Carlingford ice lobe (Figs 3 and 5C). Inland
(6–7 km northwestwards) from the terminal outwash, stream-
lined bedforms trending northwest–southeast depict the ter-
restrial element of this integrated glacial system (Fig. 3). This
close field association clearly marks subglacial erosion and
sediment transfer to tidewater ice margins during drumlinis-
ation.
Cooley Point
Exposures (200 m long) of marine mud (1.5 m thick) at
Cooley Point are part of a regional mud drape exposed
intermittently along the northern shore of Dundalk Bay
(McCabe and Haynes, 1996) (Fig. 6). The mud is variably
Figure 6 Measured log from Cooley Point summarising the main sedimentary structures in the mud, boulder, sand and gravel facies, the
contact relationships and inferred processes, sea-level trends and events (after McCabe and Haynes, 1996).
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but delicately laminated with numerous sandy stringers
(, 0.5 cm thick) and occasional small pebbles. A boulder
facies, comprising a bed of single clasts with local concen-
trations of near-touching clasts, is embedded across the
upper surface of the mud, forming a prominent pavement.
Deformed mud pillars occur between the near-touching
boulders. The pavement upper surface is undulating and the
upper surfaces of individual clasts are strongly bevelled
and show cross-cutting striations. Similar pavements formed
across subarctic tidal flats have been recorded by many
authors (e.g. Dionne, 1981).
The platform surface is draped by alternating silt–sand
laminae, which are overlain by cross-bedded sand and gravel
contained within shallow scours (2 m across). These facies
are part of an apron of outwash associated with an ice
limit marked by a well-defined ice-pushed moraine ridge at
Rathcor, 1.8 km to the east (Fig. 7A). A late-glacial raised
beach (ca. 20 m a.s.l.) at Templetown directly overlies this
outwash and occurs immediately outside (i.e. distal to) the
ice limit at Rathcor (Fig. 3). It is argued that the outwash at
Cooley Point was deposited largely below wave-base
because there is no stratigraphic evidence in the form of
tidal/current winnowing or truncation towards the top of the
outwash facies even though it is overlain by raised beach
facies. The stratigraphy therefore suggests that the raised
beach reflects a fall rather than a rise in RSL following
deposition of subaqueous outwash (Fig. 6). The overall facies
succession (open-water muds ! intertidal boulder pavement
! subaqueous outwash/beach) records shallow-water marine
environments followed by an ice advance into Dundalk Bay
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Figure 7 Terminal deposits of the Killard Point Stadial in eastern Ireland (A) Section in ice-thrust diamict forming the core of the Rathcor
moraine (arrowed) on the north shore of Dundalk Bay. The moraine overlies marine outwash. Section is 21m high. (B) Large (ca. 150 m
across) subaqueous channel containing stacked beds of gravel forms part of the Killard Point moraine, County Down, Northern Ireland.
Marine muds lining the base and sides of this channel are AMS 14C dated to ca. 14 kyr BP and formed at the maximum extent of ice in
this area.
(Fig. 6). The terminal moraines marking this advance at
Rathcor and Dunany Point (10–20 m high) are composed of
interbedded diamictic mud, coarse-grained diamict, sand
and gravel, recording shallow glaciomarine sedimentation
along the margins of a grounded ice lobe (McCabe et al.,
1987).
Killard Point
A northeast to southwest zone (ca. 1 km wide) of hummocky
topography borders drumlin swarms for 9 km between Killard
Ó 1998 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 13(6) 549–568 (1998)
Point and Ardglass (Fig. 8A). At Killard Point the facies
succession rests directly on striated bedrock (Fig. 8B). On
this glaciated surface stratified diamict (4 m thick) consists
of stacked, massive planar beds that are clast-to-matrix sup-
ported, contain a wide range of clast sizes (granules to
boulders) and are often separated by stringers of granules or
coarse sand. Many clast ab planes lie parallel to bedding
planes. Shallow scours (1–2 m across) infilled with interbed-
ded mud, sand, gravel and diamict occur within and towards
the top of the massive diamict facies and show that diamict
beds were deposited by mass flows (McCabe et al., 1984).
The diamict is overlain by laminated and graded sand con-
taining discontinuous mud laminae, water-escape structures,
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Figure 8 Relationship between drumlins and the Killard Point ice limit in eastern County Down. (A) Location of the Killard Point moraine bordering the County Down drumlins. (B) Lithofacies succession
exposed at Benderg Bay, Killard Point, County Down (after McCabe et al., 1984). (C) Schematic log of lithofacies succession at Killard Point.
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mud rip-up clasts, flow folds and occasional isolated cob-
bles. Dominant transport mechanisms involve sediment grav-
ity flows of low to intermediate viscosity (Middleton and
Hampton, 1976) driven by density currents.
The upper surface of the sand facies is channelised and
marked locally by intruded soft-sediment gravel dykes. The
overlying gravel facies occurs as a set of 14 stacked and
infilled channels (50–100 m across, 10–15 m deep) (Fig. 7B).
Channel infills are dominated (80%) by a range of boulder
facies with subordinate sand and pebble facies. Individual
beds vary in thickness (0.2–1 m) and are generally massive.
Both distributional and coarse-tail grading patterns are
occasionally present, together with boulder clusters. Bed
contacts are sharp and parallel channel margins (Fig. 7B).
Overall the gravel facies coarsen upwards within individual
channels and channel axes indicate southward progradation.
Stacked deposits of this type are similar sedimentologically to
models for resedimented subaqueous conglomerates (Walker,
1975). Variable grading patterns together with evidence
(outsized clasts) for clast freighting (Postma et al., 1988)
suggest deposition by mass flows in which there were strong
grain interactions and high dispersive pressures (Hein, 1982).
The margins of the most northerly channels are draped
conformably by red mud (, 1 m thick) containing an in situ
marine microfauna dated to ca. 14 14C kyr BP (Killard Point
Stadial) (Fig. 8C) (Table 1). Mud laminae are massive or
normally graded and are interbedded conformably with
muddy diamict. Together these facies record suspension
deposition and traction current activity following channel
avulsion, suggesting that erosion and sedimentation events
alternated rapidly as the sediment pile accumulated. The
conformable association of gravel and mud facies reflects
rapid sediment input from a glacial efflux jet at the ice-
grounding zone, which was followed by gravity-driven
resedimentation into deeper water. Drumlins, located a few
kilometres inland, are perpendicular to the zone of terminal
outwash between Killard Point and Ardglass and are there-
fore interpreted as part of the same integrated glacial system
that operated during the Killard Point Stadial (Fig. 9). This
system comprised southeasterly ice flow and associated
drumlinisation, substrate erosion and sediment transfer to
tidewater ice-margins.
Rough Island
North of Killard Point, drumlins near the coast are draped
by red marine clay up to about 20 m a.s.l. (Stephens, 1963)
(Fig. 3). At Rough Island near the northern end of Strangford
Lough (Fig. 3) unweathered basal till is overlain directly by
Figure 9 Summary of the main palaeoenvironmental changes
before, during and after the Killard Point Stadial in the north Irish
Sea area.
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rhythmically bedded sand and mud (, 3 m thick). Massive
mud beds occur at the base of the section and are gradually
replaced upwards by interlaminated sand and mud. Marine
microfaunas are well-preserved in the basal 20 cm (massive
mud) and these were sampled for AMS 14C dating. Upwards
the microfaunas become less abundant and tests become
stained and broken. This evidence, together with the upward
increase in well-sorted sand laminae, suggests that mud rain-
out from suspension was replaced progressively by estuarine
reworking during a falling RSL stage. Morphologically these
reworked deposits form extensive flat terraces (ca. 20 m
a.s.l.) at the head of the lough, and less conspicuous sedi-
ment drapes below late-glacial notches on drumlin flanks
(Stephens, 1963; McCabe, 1997). Extensive late- and post-
glacial erosion within the lough is also evident from residual
patches, reefs and larger islands (‘pladdies’) marked by lags
of large clasts that represent the remains of eroded drumlins.
Deglacial anatomy and ice-flow patterns
during the Killard Point Stadial in Ireland
The terrestrial sedimentary and dating records from the north-
western margin of the ISB are important because they show
that ice accumulated and advanced during the Killard Point
Stadial (Fig. 9). This ice readvance began after 14.7 and
peaked at ca. 14.0 14C kyr BP following widespread deglaci-
ation of the southern part of the ice sheet prior to 16.7 14C
kyr BP (Fig. 9) (McCabe and Clark, 1998). The data show
that the BIS participated in the North Atlantic H1 event.
Morphological and stratigraphical evidence supporting this
widespread deglaciation and renewed regional ice advance
comes from widely spaced sectors in central, western and
northern parts of Ireland (Fig. 10):
1 Across the Irish midlands between The Derries and
Athlone (ca. 80 km) a west to east esker system records
a major deglacial phase as ice withdrew westwards (Fig.
10) (McCabe, 1985; Delaney, 1995). Immediately north
of Athlone a separate glacial system is recorded by north
to south and northwest to southeast streamlined ridges
and eskers that are stratigraphically later in age (Fig. 10).
Satellite images (e.g. Fig. 4A) show that the flow lines of
this system are coeval with those that terminated at ice
limits in Dundalk Bay, 170 km to the northeast (Fig. 3).
These morphological relationships therefore extend inland
the spatial area that experienced the major deglaciation
and ice readvance phases (Cooley Point interstadial fol-
lowed by Killard Point Stadial) identified from the eastern
Irish seaboard.
2 The precise distance the ice margin withdrew inland from
the Irish Sea during the Cooley Point Interstadial is not
known, although the absence of coarse-grained detritus in
the muds around Dundalk Bay suggests ice retreated to
the northwest. The presence, however, of an almost con-
tinuous zone of pristine flow-transverse ridges (Rogen
moraines) across the north central lowlands (, 130 m
a.s.l.) between Lurgan and Roscommon (ca. 150 km
distance) suggests that the ice sheet did not disappear
from this region altogether (Figs 4 and 10). These ridges
are often asymmetric with steeper northwestern slopes and
convex southeast-facing segments reflecting ice pressure
from the northwest. Later ice streams moving sou-
theastwards to ice limits in Dundalk Bay overprinted,
remoulded and in places cut out the northeast–southwest
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Figure 10 Ice flows and ice limits in Ireland recorded by bedform patterns formed during the last lowland ice-sheet oscillation (Killard
Point Stadial). Older ice flows related to the LGM are also shown. The zone of preserved Rogen moraine is overprinted by bedforms
associated with the final ice flow (see Fig. 4). Note that the Athlone–Derries esker system pre-dates the Killard Point Stadial and formed
during the Cooley Point Interstadial. The Tuam esker system developed later and post-dates the maximum of the Killard Point Stadial
(Rough Island Interstadial).
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topographic grain of the Rogen field (Fig. 3). This cross-
cutting relationship records a change in basal ice con-
ditions at the onset of the ice readvance (Killard Point
Stadial). The change probably involved a shift from a cold,
dry-based ice sheet during or following Rogen formation
(Lundquist, 1989) to warmer and wetter-based conditions
during drumlinisation and headward (i.e. northwestwards)
erosion of tidewater ice streams into the Rogen field (Figs
3 and 4A). The remarkable preservation of pristine Rogen
ridges in north central Ireland suggests that parts of the ice
mass remained cold based and that modification during
drumlinisation was affected only by the most vigorous ice
streams (Cavan, Armagh, Poyntz Pass, Banbridge) (Figs 3
and 10). The Killard Point Stadial readvance may have
been driven initially by renewed ice accumulation,
because this event followed a widespread deglaciation
when the ice margin had withdrawn inland from the ISB
(Fig. 10). It is therefore unlikely that the ice margin was
influenced by tidewater processes or downdraw mech-
anisms at this time. This terrestrial record therefore dis-
criminates between an initial accumulation-fed advance
and a later sea-level trigger genetically associated with
drumlinisation.
3 Satellite images (1:100 000 scale) show that ice flows
during the Killard Point Stadial form contiguous and
coeval bedform patterns across the Irish lowlands (Fig.
10). In some cases outliers of Rogen moraines are over-
printed by these flowlines and provide information on the
relative age of ice flowlines (Fig. 4A). This is important
because the Killard Point Stadial was the last time that
lowland ice overprinted earlier bedforms, which is marked
by prominent morainic belts in western and northern
Ireland (Fig. 10).
Moraine ridges in the Shannon estuary, as at Scattery
Island, are composed of ice-thrust proglacial stratified sedi-
ments and diamicts (Fig. 10). The moraine (part of the
Fedamore line; Synge, 1968) is located along the outer
margins of colinear flow lines recorded by bedforms that
have been streamlined from northeast to southwest from
north central Ireland ice centres (130 km distance) (Fig. 10).
The ice flows in this western sector are much longer than
those in eastern Ireland (ca. 80 km), which implies that the
ice mass was asymmetric in long profile towards the west
and northwest (Fig. 10).
At the head of Clew Bay composite bedforms consist of
northeast–southwest trending ridges characterised by promi-
nent concave embayments facing northwest, which are
defined by curved tails or curved horns developed on both
ends of the ridges (Fig. 11). The cores of the ridges (NE–
SW aligned) consist of both glacial sediments and bedrock,
which were moulded by west-going ice flow along the bay
axis, possibly during the LGM. The northwest-pointing horns
record the latest phase of ice overprinting and parallel the
most recent set of glacial striae on the solid cores of the
bedforms. Moraine ridges mark the marginal positions of
this ice sheet oscillation (Fig. 10). At Askillaun on the south
side of the bay an extensive (ca. 200 m wide) sediment
apron (ca. 45 m thick) consists entirely of stacked, texturally
variable diamict beds that dip consistently westwards (250–
260 ° ) and are probably of ice-proximal and glaciomarine
origin (Synge, 1968; Hanvey, 1988). Moraine ridges on the
eastern end of Clare Island and at Dooghbeg on the northern
side of the bay represent the same ice limit (Fig. 10). East
of Dooghbeg this ice limit is marked by an almost continuous
east–west line of ice-contact marginal ridges at about 100 m
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a.s.l. Further inland this limit continues as multiple ridges
within an arc that curves northwards on the lowlands to the
east of the Nephin Beg range (Fig. 10). To the north, between
Crossmolina and Ballina, this ice flow stage ended at an
extensive area of hummocky topography (Fig. 10). Bedform
patterns show south to north ice-flow lines that extend for
75 km from Joyce Country to Crossmolina. Regionally these
ice flows are contemporaneous with those of the Killard
Point Stadial identified to the east (Fig. 3). It is important to
note that the ice-flow stage associated with the Askillaun–
Dooghbeg and Crossmolina–Ballina moraines post-dates the
extensive westward ice-sheet flow on to the continental shelf.
Conventional radiocarbon dates from raised glaciomarine
deposits at Belderg on the south side of Donegal Bay show
that this flow stage pre-dates 16.6 14C kyr BP (McCabe
et al., 1986).
In Donegal Bay two subglacial bedform sets show a cross-
cutting pattern similar to that described from the head of
Clew Bay (Knight and McCabe, 1997a). On the northern
margin of the bay a prominent lateral moraine at Shalwy
on the eastern slopes of Crownardd mountain borders the
last bedform set. This subglacial bedform set can be traced
inland for 60 km towards the same centres of ice dispersion
that supplied ice to the Killard Point moraine (Fig. 10).
Possible ice limits related to the Killard Point Stadial from
the north Donegal mountains are difficult to define precisely
because ice limits of the local ice cap are strongly determ-
ined by topography, especially during periods of ice thinning
(Fig. 10). The zones of terminal outwash associated with
expanded valley glaciers at Lough Nacung, Bloody Foreland,
Falcarragh, Dunaff and Malin, however, either ended in
marine settings or are closely related to the highest late-
glacial raised beaches (Stephens and Synge, 1965). It is
argued from the known regional patterns of isostatic
depression that all of the Killard Point Stadial ice limits in
the north of Ireland are closely associated with high RSLs.
Terminal outwash ridges and spreads around Ballykelly
record the southwesterly limit of ice from western Scotland
which moved across the floor of the Malin Sea onto the
coastal fringe of northeastern Ireland (Fig. 12A). The phasing
relations between this advance and the last ice oscillation in
the north of Ireland can be constrained from morphological
evidence within the Dungiven depression, which opens
northwards and is bounded to the south by the Sperrin
Mountains (peaks ca. 600–800 m a.s.l.). Directional indi-
cators show that ice during the Killard Point Stadial moved
northwards through mountain cols but only reached the
southern part of the Dungiven depression, depositing ice-
contact and extraglacial deltas in the upper Roe and Faughan
valleys (Fig. 12B). These deltas record water ponding at a
variety of heights (, 240 m a.s.l.). On the southern margin
of Lough Foyle the Ballykelly moraine is related to ice from
Scotland and is direct evidence for the ice dam that ponded
water further south in the Roe and Faughan valleys. This
field relationship indicates that these maximal ice limits were
contemporaneous. An important inference is that separate
centres of ice dispersion in southwest Scotland and north
central Ireland were advancing at the same time. Further to
the east, in north County Antrim, the Scottish (southwesterly)
advance limit is recorded by a large morainic belt (. 70 m
high) between Quilley, Ballymoney and Armoy. The belt
contains erratics of Scottish provenance and large-scale glaci-
otectonic structures that indicate ice pressure from the north
(Fig. 13). (Shaw and Carter, 1980).
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Figure 12 Glacial landforms and evidence for Killard Point Stadial ice limits around Lough Foyle, Northern Ireland. (A) Generalised ice flows in the areas bordering Lough Foyle, Northern Ireland during
the Killard Point Stadial. (B) Glacigenic landforms on the Foyle lowlands and Dungiven depression. Contemporaneous ice limits are located at Ballykelly (Scottish ice) and along the northern margins of the
Sperrin Mountains (Irish ice).
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Figure 13 Relationships between subglacial bedforms and the Ballymoney–Armoy moraine, north County Antrim, Northern Ireland. Note
that the subglacial streamlined bedforms maintain a similar orientation on both sides of the moraine.
The Killard Point Stadial in the north Irish
Sea area
On the northern margins of the ISB regional ice-flow lines
reconstructed from drumlins are also bounded by limiting
moraines on the Isle of Man (Bride) and along the Cumbrian
coast (St Bees–Drigg) (Fig. 1) (Trotter, 1929; Thomas, 1977;
Huddart, 1994). The ice flows associated with these
moraines are similar to the ice-sheet readvance during the
Killard Point Stadial across eastern Ireland, and suggest a
regional pattern of convergent ice flow southwards from
separate ice dispersal centres into the northern ISB (Fig. 1).
The moraines in this part of the basin are different structur-
ally to the undeformed terminal outwash in eastern Ireland
because they occur where ice margins impinged on bedrock
ramps, causing the vertical duplication of stratigraphy by
frontal thrusting and folding (Eyles and Eyles, 1984). Con-
formably bedded facies of diamict, sand, mud and gravel
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within the Bride moraine reveal the contemporaneous inter-
play between rain-out, traction currents, pelagic deposition,
mass flow, subaqueous outwash and ice-rafting processes
(Eyles and Eyles, 1984). The geometry of the Bride moraine
is consistent with deposition on subaqueous aprons bull-
dozed in front of a tidewater ice margin (Eyles and McCabe,
1989). A similar picture of ice-proximal sedimentation and
vertical duplication of stratigraphy occurs at St Bees, where
the sediments are dominated by high-energy gravels. It is
important to note that the proglacial deformation at St Bees
created structural highs (ridges) and that the basal rhythmi-
cally bedded silt and sand infilling the inter-ridge basins
formed in penecontemporaneous subaqueous settings (cf.
Huddart, 1994). If the magnitudes of isostatic depression in
Cumbria were similar to those already suggested for eastern
Ireland at this time (McCabe, 1997) then the deposits forming
the Bride and St Bees–Drigg moraines were either glaciomar-
ine or influenced by water planes controlled by high RSLs
(Eyles and McCabe, 1989).
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Along the Cumbrian coast, between St Bees and Seascale,
morainic ridges subparallel to the coast represent thrusting
at the lateral margin of ice located in the ISB itself (Fig. 1).
The phase relationship between this ice mass and ice from
local centres in the Lake District is shown from facies in a
worked gravel pit at Peel Place, 3 km inland from Seascale.
At this site cross-bedded gravel (, 7 m thick) forms part of
an undulating outwash spread deposited at the terminus of
an expanded valley glacier that moved southwestwards along
the Wasdale trough (Fig. 1). The gravel facies is interbedded
with thick (, 1 m) beds of laminated and massive mud,
which drapes the lowlands immediately to the west. Bore-
holes document up to 3 m of rhythmically bedded sediments
in this area (ca. 4–5 km2) lying between these ice limits (G.
Eaton, pers. comm., 1996). This field association suggests
that mud deposition occurred when a substantial water body
was impounded between contemporaneous ice limits at the
coast and at the exit of Wasdale. This observation implies
that local mountain ice and the Irish Sea ice sheet oscil-
lations (from separate dispersion centres) were synchronous
at this time.
Ice sheet activity in Scotland during the
Killard Point Stadial
There is direct stratigraphical and morphological evidence
from four areas in Scotland and on the adjacent continental
shelf for a widespread ice readvance after 15 14C kyr BP
but pre-dating the Loch Lomond Stadial readvance. This
phase of ice-sheet activity can be correlated broadly with
the Killard Point Stadial in the north Irish Sea area because
of the scale of ice-sheet activity and the fact that ice dispersal
centres in Scotland were a major contributor to the overall
ice system in the north ISB and on the coast of northern Ire-
land.
1 The last phase of drumlinisation in southwestern Scotland
is part of the regional ice system that readvanced south-
ward along the North Channel into the north ISB and
westwards on to the coastal fringe of northern Ireland
(Fig. 14). Flow lines (ca. 150 km) from this renewed phase
of ice activity also end at moraines containing abundant
erratics of Ailsa Craig microgranite and other acid igneous
rocks of Scottish provenance.
2 A 14C date on Portlandia arctica from a morainal bank
on the continental shelf in the St Kilda basin provides a
maximum age for this ice limit at 15.2 14C kyr BP (Peacock
et al., 1992). This morainal bank records a substantial ice
flux from an inferred ice axis near the Outer Hebrides
70 km to the east. The only ice-sheet advance of this
magnitude on to the continental shelf recorded in the
interval post-dating 15 14C kyr BP occurred during the
Killard Point Stadial (Fig. 14).
3 In northeastern Scotland ridges and hummocks mark the
limit of an ice-sheet readvance southwards from the Moray
Firth across the Buchan coast to St Fergus (Fig. 14) (Hall
and Jarvis, 1989; Peacock, 1997). The readvance post-
dates a more extensive glaciation when the Moray Firth
ice stream extended east to the Bosies Bank moraine in
the North Sea (Merritt et al., 1995). At St Fergus the
morainic topography deposited by the Moray Firth ice
stream overlies glaciomarine silts containing in situ shells
of Hiatella arctica dated to 15 320 6 200 14C yr BP (Hall
and Jarvis, 1989). This single date suggests that the last
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oscillation of Moray Firth ice in this area post-dated 15
14C kyr BP (Peacock, 1997). Ice limits in the inner firth
at Ardersier and Alturlie near Inverness record subsequent
ice decay westwards (Merritt et al., 1995) (Fig. 14). These
authors consider that the disintegration of the Moray Firth
ice stream (with ice flowlines 160–180 km in length) was
closely related to high RSLs and tidewater wastage. It is
equally possible that the flowlines were sensitive to abrupt
decreases in ice mass, which are expected at the end of
a short-lived stadial (, 1000 yr) that terminated abruptly
and was followed by a warm interstadial, as recorded
elsewhere in the amphi-North Atlantic (Bond and Lotti,
1995).
4 In eastern Scotland the umbrella term Errol Beds is used
to describe raised beds of clay, silt and sand often contain-
ing a distinctive mid-to-high Arctic fauna (Peacock, 1981).
Because some clay beds are found to be interbedded with
glacial outwash around Aberdeen (Peacock, 1975) the
oldest facies must date from the decay phase following
the last ice advance on to the shelf. It is also recognised
that these facies are not deformed or overlain by major
moraines. One radiocarbon date suggests that the western
North Sea was deglaciated prior to 14 14C kyr BP (Hedges
et al., 1988). Given the extent of ice-sheet activity during
the Killard Point Stadial elsewhere in northern Britain,
however, with flowlines of over 100 km in length, it is
probable that ice advanced across the coast, which is
located less than 80 km from the centres of greatest ice
accumulation in the northwestern Highlands (Sissons,
1974).
The extensive spreads of ice-contact outwash at the heads
of both the Forth and Tay estuaries are generally interpreted
as dead-ice features (Simpson, 1933; Sissons, 1963, 1964,
1967; Patterson, 1974; Armstrong et al., 1975). These land-
forms together with the sediments comprising the extensive
late-glacial Main Perth shorelines probably required direct
glacigenic input into both the Tay and Forth estuaries. It is
suggested that this input of sediment is related directly to
the collapse of ice streams following ice advance into both
estuaries during the Killard Point Stadial.
Conclusions and implications
The north ISB area is the type area for ice sheet readvance
during the Killard Point Stadial in the British Isles. The dated
facies successions are stratigraphically important because
they provide the first direct terrestrial record that the BIS
participated in H1 (McCabe and Clark, 1998). Stratigraphic
evidence from in situ marine muds supported by AMS 14C
dates provides a coherent time-frame for the major palaeoen-
vironmental shifts that occurred before, during and after ice
readvance ca. 14 14C kyr BP (Table 1). These millennial-
scale shifts contrast with older, static models of Irish Sea
glaciation, which are poorly age constrained and should be
tested in terms of the rapid palaeoenvironmental changes
identified in this paper.
During the Killard Point Stadial drumlinising ice flows
were largely erosional and did not involve wholesale subgla-
cial sediment deformation at an ice-sheet scale in north
central Ireland. Northwest of Dundalk headward erosion
along an ice stream into pristine Rogen moraine clearly
supports this inference because elements of the former trans-
verse Rogen ridges are fossilised within the drumlin field as
flow-transverse lines of moulded comma-shaped and hooked
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Figure 14 Generalised ice flows and ice limits during the H1 event in northern Britain (ca. 14 14C kyr BP). The extent of ice during the
later Loch Lomond Stadial (Benn, 1997) and possible positions of the ice limits at the LGM are also shown. H1 ice limits in Scotland are
poorly constrained. It is likely that the ice advanced into the North Sea during the H1 event and that the ice limits on land represent the
decay and stabilisation/re-equilibration of the ice margin.
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bedforms (Figs. 3) (Knight and McCabe, 1997b). In addition
marine downdraw must have had a destabilising effect on
the ice sheet because all of the ice streams ended at tide-
water margins. This process may have been especially criti-
cal towards the end of the readvance for two reasons. First,
the geomorphological evidence shows that erosion along ice
streams was not driven primarily by internal ice sheet
dynamics but evolved by headward erosion back (i.e.
northwestwards) from tidewater margins into the ice mass
(Fig. 3). Second, the facies succession (intertidal boulder
pavement ! subaqueous outwash ! late-glacial beach) at
Cooley Point, immediately outside the ice limits, shows that
high RSLs increased when the ice reached its maximum
extent (Fig. 6) (McCabe and Haynes, 1996). Furthermore the
presence of a regional drape of marine mud on drumlins
and the absence of recessional fluvioglacial landforms inside
the terminal outwash limits indicates that stagnation zone
retreat occurred immediately after the readvance (Fig. 2).
The major deglaciation (Cooley Point Interstadial) that
preceded ice readvance towards the ISB is also recorded
from two widely spaced areas marginal to the ice sheet (Fig.
14). In western Ireland raised marine muds at Belderg (Fig.
2) are dated to 16.6 14C kyr BP and show that glaciomarine
deposition occurred during a deglaciation that followed ice
advance into Donegal Bay (McCabe et al., 1986). In the
central North Sea (Fladen Ground, 200 km east of St. Fergus)
Peacock (1997) has pointed out that environments recog-
nised from borehole B2001 (Fig. 14) show that slow rates
of marine deposition between 20 and 14.5 14C kyr BP
were replaced by rapidly deposited glaciomarine sediments,
especially between 14.5 and 14.2 14C kyr BP (Sejrup et
al., 1994). These glaciomarine sediments indicate a marked
increase in sediment input on to the shelf, which correlates
closely with the maximum extent of ice during the Killard
Point Stadial (ca. 14 14C kyr BP) (Table 1). In broad terms
both of these records from eastern and western sectors of
the former BIS underpin the evidence first recognised from
the ISB that a major deglaciation occurred along the southern
parts of the BIS around 17 14C kyr BP.
At Dimlington, the British late Devensian type site, mosses
contained in shallow basins below till facies (Skipsea and
Withernsea tills) are dated to 18.5 and 18.24 14C kyr BP
(Penny et al., 1969). On this basis it was assumed that the
late Devensian maximum in east Yorkshire occurred shortly
after 18 14C kyr BP. Peacock (1997) questioned this interpret-
ation because thermoluminescence dates of 17.5 6 1.5 and
16.6 6 1.7 kyr BP for a solifluction deposit underlying a
correlative of the Skipsea till at Eppleworth (40 km west-
northwest of Dimlington) suggest non-glacial conditions at
this time (Wintle and Catt, 1985). Elsewhere in Britain dated
facies records show only one major lowland ice readvance
post-dating 16.7 14C kyr BP. If this is the case it is probable
that both the Skipsea and Withernsea tills are associated
with ice flows on the margins of the North Sea that occurred
during the Killard Point Stadial and not during the LGM.
Morainic topography at Holderness (Valentin, 1957) records
ice sheet limits that are similar in scale to the well-defined
morainic ridges 50 km inland at York (Gaunt, 1976) and
probably reflects the same ice-sheet event.
H1 events in the amphi-North Atlantic
The prominent BIS readvance at ca. 14 14C kyr BP allows
important comparisons to be made with known events else-
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where in the amphi-North Atlantic (McCabe and Clark,
1998). For example, marine-based margins of the Barents
Sea and Fennoscandian ice sheets began to retreat at ca.
15.0–14.7 14C kyr BP from their maximum positions, which
they had maintained since the LGM (Jones and Keigwin,
1988; Lehman et al., 1991; Elverhoi et al., 1995). This
deglaciation may be associated with rising sea-levels (Locker
et al., 1996) or a reduction in precipitation at these latitudes
associated with H1-related cooling in the North Atlantic
region (Fawcett et al., 1997). In contrast, records from the
southern margin of the Laurentide Ice Sheet (LIS) suggest
that, following a major retreat that ended at 15.0–15.5 14C
kyr BP (Erie interstade), the ice margin readvanced (Crown
Point Phase of the Port Bruce Stade) several hundred kilo-
metres to within , 150 km of its maximum late Wisconsin
(Devensian) position and then retreated rapidly during or
near the end of H1 (Hansel and Johnson, 1992; Clark, 1994).
A similar sequence of events is recorded from the north ISB
(Figs 2 and 3 and Table 1) and from around the margins of
the decaying BIS. It is not known when the BIS began to
advance, but the ISB data suggest it was at its maximum
position at a time (ca. 14 14C kyr BP) when retreat of the
southern margin of the LIS was well underway (McCabe and
Clark, 1998).
The H1 event is an exception to the common relation
between stadial climates and IRD events in the North Atlan-
tic because it reversed a warming trend that began ca.
21 000 calendar yr BP (ca. 18 14C kyr BP) (Bond and Lotti,
1995). Cooling occurred during H1 as a result of disruption
of North Atlantic Deep Water (NADW) production by release
of meltwater and icebergs (Keigwin et al., 1991; Keigwin
and Lehman, 1994; Vidal et al., 1997). During H1 this
warming trend was interrupted in the Northern Hemisphere
and at least as far south as 40° S (Lowell et al., 1995; Bard
et al., 1997) but continued in the Antarctic throughout the
last deglaciation. This relationship to an overall warming
trend is consistent with the suggestion by MacAyeal (1993)
that the H1 event is associated with an inherent instability
of the LIS that is independent of climatic forcing. If this is
the case it is likely that partial collapse of the LIS leading
to H1 induced North Atlantic cooling, which delayed the
transition from full glacial to interglacial conditions north of
the Antarctic convergence (Bard et al., 1997). In the British
Isles the evidence for a major deglaciation (Cooley Point
Interstadial) followed by rapid ice sheet growth (# 700 yr,
Killard Point Stadial) and then ice sheet collapse (Rough
Island Interstadial) provides the field evidence that is consist-
ent with this interpretation. In northwestern Britain a similar
cooling occurred during the Loch Lomond Stadial (Sissons,
1979), which resulted in ice-sheet development in the High-
lands of western Scotland that was simply smaller in scale
to that of H1 (Fig. 14). Lehman et al. (1991) concluded that
LIS iceberg discharge around 15 14C kyr BP resulted in
North Atlantic cooling and suggests a climatic forcing and
response that was similar to that recorded during the later
Loch Lomond Stadial.
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